Manganese sulfides in low carbon steel were grouped into a colony type (type II according to Sims' classification) and non-colony type (type I, type III and type X). The formation mechanisms of both types were investigated on the basis of the experimental results with the effects of sulfur content and cooling rate on the morphology of sulfides, the relation between the solidification structure and the distribution of sulfides, and the observation of formation process of sulfides in steels quenched from various temperatures.
I. Introduction
The effect of manganese sulfide on the mechanical properties of steel is closely related to its shape and distribution. Extensive works have been done to clarify the factors which affect the shape and distribution, and the reason why sulfides of various shapes are formed in steel has been discussed.)-13) However, no validated theory has been proposed. This may be caused by the imperfection of available phase diagrams. Therefore, in advance of the study on kinetics of sulfide formation, the Fe-Mn-S ternary and Fe-Mn-S-C quaternary phase diagrams were investigated in our previous works.14,15) In the present paper, the kinetics of sulfide formation will be discussed on the basis of the above phase diagrams and the experimental results on i) the effects of sulfur content and cooling rate on the shape of sulfide, ii) the relation between the distribution of sulfides and the solidification structure, and iii) the observation of sulfides in steels quenched from various temperatures during or after solidification.
II. Experimental 1. Material 1. Effects of Sulfur Content and Cooling Rate A part of the blind feeder, prepared for the observation of sulfide in a large steel casting and described in Table 2 , was used as the base material. Additional materials for the control of composition, such as an Fe-P alloy and MnS, were hermetically sealed in a steel vessel in order to improve the yields.
These materials were melted under argon gas atmosphere in an alumina crucible placed in the isothermal zone of a vertical SiC furnace. After being kept at 1 550°C for 2 hr from the melting down, the crucible was drawn downward by 20 to 30 mm and the melt was allowed to solidify unidirectionally at the temperature gradient of 2 to 10°C/cm. Every sample, which solidified completely at a temperature over 1 350°C, was cooled to 1300°C at a desired rate and then to room temperature by cutting off the power supply to the furnace. The size of a sample was about 30 mm in diameter and about 40 mm in height, and the weight was about 200 g. The compositions are shown as series A and B in Table 1 .
Observation of the Formation Process of Sulfide
The steel containing 0.22% carbon and 0.70% manganese was used as a base material. The method for addition of alloying elements and the condition of solidification were similar to those in the preceding section. The sample cooled to a desired temperature at a rate of 0.5°C/min was rapidly drawn out from the furnace by a specially designed device and was quenched in violently stirred water. The period required for the above operation was less than 1 sec. The quenched sample had a diameter of about 25 mm, a height of about 40 mm and a weight of about 150 g. Table  1 .
The compositions (wt%) and cooling rates (°C/min) of steel ingots prepared for experiment.
( 478 ) Transactions ISIJ, Vol. 21, 1981 The composition is shown as series C in The blind feeder (about 2 t in weight) of a 60 t sand mold casting was used for the observation of sulfide in a large steel casting. The composition is shown in Table 2 . Photograph 1 is a sulfur print of the shadowed area in Fig. 1 . Samples of about 30 mm cube were taken from the positions of letters A to H, and the sulfur-printed surface was polished for optical microscopy. Two different kinds of segregated zone are observed in Photo. 1. One is several ghost lines in the branched columnar crystal zone, and the other is a center-line segregation in the equiaxed crystal zone. Samples of A to H were taken from outside the above zones.
Lab-scale castings described in Section II. I were also sectioned longitudinally and were polished.
Observation of Sulfide
Observation was made of manganese sulfide particles over about 2 pm in diameter, excluding oxysulfide particles. The sulfides were morphologically grouped into the following four types : type I (globular), type II (fan-or chain-like), type III (angular) and type X (irregular-shaped sulfide). These types are illustrated in Photo. 2. Since type I, type III and type X sulfides show similar behavior as will be described later, they are generically called type N (non-colony type) sulfide.
The number and volume fraction of sulfide particles were measured on 1 000 to 1 200 spots in the central area (13 X 13 mm2) of polished surface by an optical microscope of 400 magnifications. The volume fraction was determined by the point counting method through an eyepiece with 400 grids. In regard to type II sulfide, the number of its colonies in the central area was also counted at 100 magnifications.
3. Construction of the Isoconcentration Contour Map of Phosphorus It has been known widely that the distribution of sulfides has relation to the dendritic structure, but there is little quantitative information. To clarify this relation, the distribution of sulfide particles was compared with that of phosphorus content, whose relation with the dendritic structure has well been known. The steel containing 0.17% phosphorus III. Results
Morphology of Sulfide in a Large Steel Casting
As being pointed out by many researchers, the shape and distribution of sulfide particles are affected by solidification variables.6-12) It is considerably difficult to put the solidification variables of a large casting and those of a small lab-scale casting into agreement with one another. If the behavior of sulfide in the former is inferred from nothing but the result obtained in the latter, an incorrect conclusion may be derived. However, little work has been done for the behavior of sulfide in the large casting, and so it was investigated about the blind feeder of a 60 t sand mold casting. The results are shown in Fig.  2 . The numbers and volume fractions of type I, type III and type X sulfides are roughly constant from the columnar crystal zone to the equiaxed crystal zone. Those of type II sulfide are small in the columnar crystal zone, but increase remarkably from the branched columnar crystal zone to the center of casting.
Most of type II sulfides were in the interdendritic space, while type N sulfides, namely type I, type III and type X sulfides, were located mainly around a dendrite and often on the primary or secondary arms. Thus, not only in the macroscopic distribution but also in the microscopic distribution, the behavior of type II sulfide is in contrast to that of type N sulfide.
Effects of Sulfur Content and Cooling Rate on the
Morphology of Sulfide 1. Effect of Sulfur Content Takada et al.12~ reported recently from detailed investigation on a low alloy steel that the transition from type I to type II occurred between 0.01% and 0.05% in sulfur content. The present work has been performed in order to research the cause of this transition. The effects of the sulfur content on the number and volume fraction of sulfides are shown in Figs. 3 and 4. Type II sulfide increased remarkably in the numbers of colonies and particles, and its volume fraction increased with the sulfur content. According to Takada et al., the number of colonies was independent of the sulfur content in the range of 0.05 to 0.10%. In our experiment, also, the number of colonies was constant or slightly decreased for sulfur contents above 0.05%, as seen in Fig. 3(A) . This tendency seems to be attributed to the linking of colonies, which results from their growth with the increase of the sulfur content. With increasing the sulfur content up to 0.03%, the numbers of type III and type X sulfide particles decreased. Above 0.03%, the numbers of reached a constant level, while their volume fractions were independent of the sulfur content. Finally, type I sulfide was too few to be the object of this investigation. As described above, type II sulfide differs distinctly from type N sulfide in the effect of the sulfur content. This difference may explain the morphological transition reported by Takada et al. Because at small sulfur contents the amount of type II sulfide is negligible, but at large contents it increases remarkably in comparison with that of type N sulfide.
Effect of Cooling Rate
The effects of the cooling rate on the number and volume fraction of each type of sulfide are shown in Figs. 5 and 6. The numbers of colonies and particles and the volume fraction of type II sulfides increased with the cooling rate. Takada et a1.12~ conducted the similar experiment in the range of 0.22 to 9°C/min. Their results agreed well in the numbers of colonies and particles with the present study; the number of particles was estimated from the particle size and volume fraction. They described the volume fraction of type II sulfides as being independent of the cooling rate. This differs from the present result. Additional experiments were performed at the cooling rates of 4 and 7°C/min to explain the disagreement. The volume fraction increased with the cooling rate up to 2°C/min, above which it was nearly constant. The reason may be that some of type II sulfide particles become too fine to be measured as the cooling rate increases. Reexamining the result of Takada et al, from the above viewpoint, there is no disagreement between both results. In each of type I, type III and type X sulfides, the number increased but the volume fraction decreased with increasing the cooling rate. These tendencies agreed with those of Takada et al.
The description in Effects (1) and (2) of this section are summarized as follows :
(i) Type I, type III and type X sulfides were similar in the behavior of precipitation. They were consequently designated as type N sulfide.
(ii) Type II sulfide differed from type N sulfide in the behavior of precipitation. From these facts, it can be inferred that the kinetics of sulfide formation is essentially common among type I, type III and type X sulfides, while the kinetics of type II sulfide differs from that of type N sulfide.
Sulfides in the lab-scale castings were similar in shape and microscopic distribution to those in the blind feeder. Therefore, the kinetics of sulfide formation in a lab-scale casting may be valid in a large casting.
3. Relation between the Distribution of Sulfides and the Solid cation Structure As described previously, the position occupied by type II sulfides in the dendritic structure differs from that by type N sulfides. We compared the distribution of sulfides with that of phosphorus content, and obtained quantitatively the above relation. Figure  7 shows an isoconcentration contour map of phosphorus, and Photo. 3 is the dendritic structure in the corresponding area. The isoconcentration line for the mean phosphorus content (about 0.17 %) of the steel is in good coincidence with the contour of dendrite arms. Figure 8 shows the numbers of type II and type N sulfide particles in each range of phosphorus content in Fig. 7 . As is obvious in Fig. 8 , most of type II sulfides are observed in the interdendritic space, and the distribution of type N sulfides is nearly uniform except in the range of 0.17 to 0.20% phosphorus, i.e., the periphery of dendrite. 
Observation of the Formation Process of Sulfide
The experiment in this section was performed to clarify the temperature range in which sulfides were formed. The effects of quenching temperature on the number and volume fraction of sulfides are shown in Figs. 9 and 10, and examples of microstructures are given in Photo. 4. In the sample quenched from 1450°C, no sulfide was formed and a melt remained at grain boundaries as seen in Photo. 4(a). When the quenching temperature decreased to 1420°C, remaining melt was seen only at limited positions such as a triple point of grain boundaries, and type II colonies were formed in contact with the melt as shown in Photo. 4(b). Since little amount of melt was retained in the sample quenched from 1380°C, the temperature of final solidification was estimated to be between 1 350°C and 1 380°C. In this temperature range, the number of type II particles reached a maximum. As the temperature further dropped, the number of particles decreased, the number of colonies increased, but the volume fraction was unchanged. These results may be explained by the Relation between volume fraction quenching temperature.
of sulfides and (482) Transactions ISIJ, Vol. 21, 1981 aggregation of particles and the consequent separation into colonies. During solidification, very few type N sulfide particles were formed. Below 1 350°C, the number and volume fraction remarkably increased with the decrease of quenching temperature. Thus type N sulfide behaved in a manner contrary to type II sulfide.
As is obviously seen in Figs. 9 and 10, most of type N sulfide particles are angular, that is, type III sulfide. In the sample quenched below the austenite to a-ferrite transformation temperature, however, type x sulfide increased and type III sulfide decreased. From these results, it is supposed that the austenitic structure is most favorable to the growth of type III sulfide and that the conversion from type III to type x occurs as a result of losing the shape regularity of type III during and/or after the above transformation. Probably this is the reason why type X sulfides were observed as frequently as type III sulfides in the blind feeder and lab-scale castings cooled in a furnace.
Iv. Discussion
Type II Sulfide
Kinetics of type II sulfide formation has been understood in the following two ways. One is the opinion that type II sulfide is formed by a monotectic reaction, and the other is that it is formed by a eutectic reaction. Fredriksson and Hillert, 8'9~ who proposed the former reaction, thought that type II sulfide had its source in rod-like sulfur-rich liquid phase formed by the monotectic reaction (liquid -~ iron-rich liquid+sulfur-rich liquid). We have already reported the reaction in the Fe-Mn-S-C quaternary system,15> which is shown by the triangle A having two vertices on lines e-b and b-f in Fig.  11 . The composition of sulfur-rich liquid given by line b-f was estimated to be 0 to 4% in manganese and 20 to 30% in sulfur from our previous work15~ and Schurmann's work.16~ In the solidification of such a liquid phase, either a monophase FeS or a two-phase sulfide (FeS+MnS) rather than a monophase MnS must be crystallized. Then the FeS will turn into MnS by reacting with manganese supplied from the surrounding matrix. However, the experiment in Section III. 4 showed type II sulfide to be formed as a monophase MnS. Therefore, the opinion proposed by Fredriksson and Hillert is unacceptable. This conclusion is supported also by the fact that type II sulfide was observed even in a very low carbon steel in which the monotectic reaction should not occur.l7>
As described in Sections III. 3 and 4, type II sulfide was formed at a final period of solidification. Type II colony was usually formed in contact with a residual melt as shown in Photo. 4(b), and an increase of the former was accompanied by a decrease of the latter. These observations are the evidence in favor of the formation of the colony as a solid phase from a melt. In the Fe-Mn-S and Fe-Mn-S-C phase diagrams, the process in which both phases of iron and MnS simultaneously crystallize is only the eutectic reaction (liquid -> iron+MnS).
Accordingly, we support the latter opinion of type II sulfide formation through the eutectic reaction proposed by Dahl et al.4~ and upheld by Bigelow and Flemings." The validity of this opinion has been confirmed, because it can explain in the following way the results described in Section III. 2 about the effects of sulfur content and cooling rate on the morphology of sulfide. An increase of sulfur content in steel leads to the increase of the eutectic melt quantity. Consequently, an increase of type II sulfide is expected. This was confirmed by Fig. 4 . The data for type II sulfide in Fig. 6 supports the generally accepted observation 
that the amount of eutectic phase increases with a cooling rate. From the above discussions, it is concluded that the formation of type II sulfide is attributed to the eutectic reaction and not to the monotectic reaction.
Type N Sulfide
Type N sulfides are subdivided into type I, type III and type X sulfides. Type I sulfide is exceptional few in this study. Type X sulfide is a degenerate from type III sulfide as described in Section III. 4. Accordingly, the basic shape of type N sulfide is angular, or type III sulfide. Kinetics of the type III sulfide formation has so far been argued in the following opinions. Dahl et al.4~ considered type III sulfide to be a primary crystal, but Fredriksson and Hillert9~ proposed the opinion that it was formed by a degenerate eutectic reaction. According to the recent report by Bigelow and Flemings,11~ type III sulfide was the primary crystal in large contents of carbon, silicon and sulfur, and it was formed through a divorced eutectic reaction in small contents of those elements. In every steel used in this study, the primary crystal was iron, not sulfide, and so their " primary crystal " theory was left out of consideration.
As shown in Fig. 8 , type N or type III sulfide increased from the core of dendrite to the periphery and decreased with further approaching to the center of interdendritic space. But most of type II sulfide particles were in the interdendritic space. If type III sulfide crystallizes from melt in the same manner as type II sulfide, the crystallization temperature of the former sulfide must be higher than the latter sulfide. However, the results in Section III. 4 disagreed with the above expectation. Therefore, type III sulfide does not crystallize during solidification.
We propose that type N sulfide precipitates from solid steel. First, let us examine whether the effect of sulfur content described in Section III. 2.I can be explained by this new proposal or not. All the steels used in the experiment had the same chemical composition except sulfur. The Mn/S ratios are so large that the sulfur solubility is unchanged due to formation of MnS in steel and is independent of the initial sulfur content. Therefore, the volume fraction of precipitated sulfides may be independent of the sulfur content in steel. It is just the case shown in Fig. 4 .
Secondly, the effect of cooling rate described in Section III. 2.2 is examined. As is generally known, the more the cooling rate increases, the finer the precipitates are and the more the number increases. The increase of precipitates finer than the limit of measurement naturally brings about the decrease of volume fraction. Figures 5(B) and 6 show undoubtedly those tendencies.
Finally, the relation between the distribution of sulfides and dendritic structure described in Section III. 3 is discussed. Since the distribution coefficients of manganese and sulfur are less than 1.0, both contents must increase from the core of dendrite to interdendritic space. The distribution of precipitated sulfides should also correspond to that of manganese and sulfur contents. The data for type N sulfides shown in Fig. 8 , however, are against our expectation. The solubility of sulfur in austenite is smaller than that in o-ferrite.14~ If a peritectic reaction (o-ferrite+ liquid -f austenite) occurs during solidification, many sulfides may be precipitated in the region which solidifies to o-ferrite. The steel used in Section III. 3 contained carbon of 0.17%. According to the Fe-C binary phase diagram,18~ the steel with 0.17% carbon crystallizes li-ferrite of 83 % in volume and the rest solidifies to austenite. It was assumed that the region of the phosphorus content below 0.20% solidified to o-ferrite. Because the number of type N sulfide particles was the largest in the region of the phosphorus content of 0.17 to 0.20% in Fig. 8 . The region with <0.20% phosphorus occupied 85% of the area shown in Fig. 7 . The close agreement between both values is a powerful support to the assumption that the characteristic distribution of type N sulfides occurs as a result of the peritectic reaction.
Through the above discussions, the propriety of our proposal that type N sulfides are the precipitates from solid steel has been proved.
V. Summary
The effects of sulfur content and cooling rate on the morphology of sulfide and the relation between the solidification structure and the distribution of sulfides were investigated in low alloy steels. Besides, the formation process of sulfide was examined in steels quenched from various temperatures. The morphology of sulfides was grouped into type I, type II, type III and type X. Since type I, type III and type x sulfides had similar behavior, these were generically named type N sulfide.
The results were as follows :
(1) As the sulfur content in steel increased from 0.013 to 0.063%, the number and volume fraction of type II sulfide particles increased, but those of type N sulfide particles were unchanged.
(2) The number and volume fraction of type I I sulfides increased with the cooling rate in the range of 0.14 to 2.2°C/min. Type N sulfides increased in number but decreased in volume fraction as the cooling rate increased.
(3) The distribution of sulfides was compared with that of phosphorus content in a steel. The number of type II sulfide particles was the largest in the region of the highest phosphorus content in an interdendritic space. The number of type N sulfide particles, however, was the largest in the region of medium phosphorus content, i.e., the periphery of a dendrite.
(4) Steels were cooled at the rate of 0.5°C/min and quenched from various temperatures. The observation of sulfides in the steels gave the following results. Type II sulfides were crystallized at the final period of solidification, and the number and volume fraction of their particles were nearly constant after solidification. Type N sulfides began to be formed at the same time as type II sulfides, and increased in number and volume fraction remarkably after solidification.
On the basis of the above results, the kinetics of sulfide formation was discussed and the following conclusion was drawn. Type II sulfide is crystallized from melt through eutectic reaction, but type N sulfide is precipitated from solid steel. 
